The retinoblastoma (RB) tumor suppressor is a critical negative regulator of cellular proliferation. Repression of E2F-dependent transcription has been implicated as the mechanism through which RB inhibits cell cycle progression. However, recent data have suggested that the direct interaction of RB with replication factors or sites of DNA synthesis may contribute to its ability to inhibit S phase. Here we show that RB does not exert a cis-acting effect on DNA replication. Furthermore, the localization of RB was distinct from replication foci in proliferating cells. While RB activation strongly attenuated the RNA levels of multiple replication factors, their protein expression was not diminished coincident with cell cycle arrest. During the first 24 h of RB activation, components of the prereplication complex, initiation factors, and the clamp loader complex (replication factor C) remained tethered to chromatin. In contrast, the association of PCNA and downstream components of the processive replication machinery was specifically disrupted. This signaling from RB occurred in a manner dependent on E2F-mediated transcriptional repression. Following long-term activation of RB, we observed the attenuation of multiple replication factors, the complete cessation of DNA synthesis, and impaired replicative capacity in vitro. Therefore, functional distinctions exist between the "chronic" RB-mediated arrest state and the "acute" arrest state. Strikingly, attenuation of RB activity reversed both acute and chronic replication blocks. Thus, continued RB action is required for the maintenance of two kinetically and functionally distinct modes of replication inhibition.
The retinoblastoma (RB) tumor suppressor is a critical negative regulator of cellular proliferation that is targeted at high frequency in human cancer (5, 30, 51, 61, 72, 73) . While RB has principally been considered as a regulator of G 1 phase, the importance of RB in governing DNA synthesis has become increasingly clear (14, 33, 35, 41, 52, 58, 60) . Currently, there are two mechanisms through which RB has been postulated to inhibit replication. In the first, DNA synthesis may be influenced by the direct interaction of RB with components of the replication process. For example, recent data have suggested a direct role for RB/E2F in regulating origin function during Drosophila chorion gene amplification (10) . Furthermore, under certain conditions RB has been localized to sites of DNA replication, although this remains controversial (16, 32) . Additionally, RB has been demonstrated to directly interact with the DNA replication factors MCM7, DNA polymerase ␣, and replication factor C (RFC) p140 subunit (24, 55, 64, 67) . The importance of these interactions during cellular DNA replication has yet to be determined. However, these studies collectively suggest that RB could function in cis to directly inhibit DNA replication.
In the second model, RB-mediated S-phase inhibition may be attributed to the active repression of requisite DNA replication factor expression. RB is known to bind to the E2F family of transcription factors and antagonize their function (19) . Active transcriptional repression by RB is mediated through the simultaneous recruitment of cofactors such as histone deacetylases and SWI/SNF chromatin remodeling enzymes (26) . Active RB has been demonstrated to elicit repression of E2F-regulated S-phase genes, such as MCMs, DNA polymerase subunits, and deoxynucleoside triphosphate synthetic enzymes (43) . Additionally, E2F-dependent transcriptional repression of preRC genes has been recently shown to regulate DNA synthesis in Drosophila (13) . Thus, it has been alternatively postulated that the role of RB in DNA replication control is dependent on the transcriptional regulation of Sphase genes.
There are numerous potential targets for RB, as strict regulation and coordination of S-phase progression is achieved through several precise steps (6, 31, 65) . Origins of replication are marked by the stable chromatin association of a heterohexameric origin recognition complex (ORC1-6) (6) . During mitotic exit, the MCM complex (MCM2-7) is loaded onto chromatin by Cdc6 and Cdt1, forming a functional prereplication complex (preRC) (17, 44, 53) . The establishment of preRCs has been termed "replication licensing," as it confers the ability of DNA synthesis to initiate at a given origin (7) . Throughout S phase, sequential initiation of replication at licensed origins occurs in a tightly coordinated manner (23) . During initiation of replication, the heterotrimeric protein complex RPA binds to exposed single-stranded DNA as origin firing occurs and de novo synthesis begins by the action of the DNA polymerase ␣-primase complex (6, 31, 70) . Processive replication requires the activity of replication factor C (RFC), the clamp loader complex responsible for the recruitment of PCNA (47, 70) . Subsequent bidirectional replication fork progression requires DNA polymerases (␦ and/or ε) and the recruitment of additional factors (e.g., DNA ligase I) by interaction with PCNA (70) . The regulation of these events is thought to be catalyzed by the combined activities of Cdc7 and cyclin-dependent kinase 2 (CDK2) complexes, although their essential substrates have yet to be clearly defined (6, 71) .
Although CDK2, cyclin E, and cyclin A are E2F-regulated genes, RB-mediated arrest does not dramatically affect the expression or activity of CDK2/cyclin E (2, 33) . However, recent studies have questioned the absolute requirement of cyclin E and CDK2 in cellular proliferation (22, 54, 68) . Consistent with this finding, cells arrested by active RB alleles exhibit significant loss of cyclin A expression (2, 36, 41) . Importantly, the RB-mediated repression of cyclin A-associated kinase activity leads to the disruption of PCNA association with chromatin (60) . However, the proximal target in this pathway was not identified. Here, we sought to more rigorously determine the effect of RB activation on the DNA replication machinery. We report that the program of cell cycle arrest elicited by RB occurs in two temporally and functionally distinct manners. First, RB can block DNA replication acutely and transiently by specifically targeting the recruitment and/or maintenance of critical elongation factors to chromatin. Second, chronic RB activation mediates the gradual downregulation of requisite replication factors, including both licensing factors and components of the processive replication machinery. Importantly, both the acute and long-term effects require functional RB and are not permanent arrest states. These data suggest that RB can inhibit DNA replication via two kinetically distinct, reversible pathways-transient regulation of the elongation phase and a more stable arrest state under conditions of persistent RB activation.
MATERIALS AND METHODS
Cell culture, plasmids, transfection, and flow cytometry. Floxed Rb mice (Rb F19/F19 ) were sacrificed by CO 2 anesthetization followed by cervical dislocation. Fibroblasts were isolated form the peritoneal fascia by excision, mincing, and dissociation with 0.2-g/ml collagenase (type I; Sigma) supplemented with 100 U of DNase I (Roche) at 37°C for 40 min with constant agitation. After washing in phosphate-buffered saline, dissociated tissue was incubated in 0.25% trypsin (Gibco) at 37°C for 20 min with constant agitation. Isolated cells were washed twice and plated in tissue culture dishes. Murine adult fibroblasts (MAFs) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 100-U/ml penicillin-streptomycin, and 2 mM glutamine at 37°C in 5% CO 2 . Rat-16, A2-4, and A5-1 cell lines were cultured as previously described (43) . A5C1 cells harboring inducible expression of hemagglutinin (HA)-tagged Rb⌬cdk were cultured as described previously (41) . The pTRE2-Rb⌬cdk plasmid was constructed by subcloning the HindIII/ XbaI fragment encoding full-length Rb⌬cdk from pcDNA3.1 into the HindIII/ NheI sites of pTRE2 (Clontech). The BL-1 cell line was generated by cotransfection of pTRE2-Rb⌬cdk and pTK-Hyg into Rat-16 cells and subsequent selection in 250-g/ml hygromycin B. The U24-4 cell line was generated by cotransfection of pTRE-PSM-RB.7LP and pBabe-puro into the parental Tet-Off U24 cell line and subsequent selection in medium containing 2.5-g/ml puromycin. Cells were synchronized in S phase by the addition of aphidicolin (APH) at a final concentration of 5 g/ml for 24 h. Transfections were performed with FuGENE 6 (Roche) according to the manufacturer's protocol. A5-1 cells were cotransfected with green fluorescent protein (GFP)-RPA34, GFP-PCNA, and GFP-DNA ligase I as described previously (12, 37, 63) . Stable cell lines were generated by selection with 2.5-g/ml puromycin (Calbiochem), and clones were established by limiting dilution. The H2B-GFP, E2F1, E2F-DB, and PSM-RB expression plasmids have been previously described (33, 79) . Rat-1 cells were transfected at an H2B-GFP/PSM-RB/E2F plasmid ratio of 1:6:6. Clinical grade cis-diamminedichloroplatinum II (cisplatin [CDDP]; Bristol Oncology) was added to cell culture medium as indicated. Flow cytometry was performed as described previously (33) .
PCR-mediated analysis of recombination. Confirmation of the conditional knockout of the Rb gene was determined by utilizing genomic DNA harvested from GFP-and Cre recombinase (GFP-Cre)-encoding adenovirus strain-infected MAFs. Genomic DNA was used in PCRs with primers as previously described (42) . The PCR conditions were as follows: 95°C for 5 min; followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min; followed by final extension at 72°C for 7 min.
Adenoviral infections. For the conditional knockout of Rb, MAFs were infected with adenovirus encoding either GFP alone or GFP and at a ratio of approximately 2 ϫ 10 7 virus particles per 10-cm-diameter dish. Actual infection efficiency was 90 to 95% as determined by GFP fluorescence. A2-4 cells were infected with either GFP-or E2F2-encoding adenovirus as previously described (43) . Rat-1 cells were infected with GFP or p16ink4a as previously described (43) .
Biochemical fractionation and Western blotting. Preparation of cell lysates, chromatin-bound pellet fractions, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and Western blotting were carried out as previously described (2, 60) . PSM-RB was detected with 851 antibody. HA-RB⌬cdk was detected with HA probe antibody (Y-11; Santa Cruz). Cyclin A (C-19), CDK2 (M2), CDK4 (H-22), MCM7 (141. Xenopus in vitro replication assays. Xenopus egg extracts were prepared as previously described (75) . Preparation of intact nuclei using digitonin was carried out as previously described (75) . Nuclei were resuspended at a concentration of 10,000/l of extract. DNA replication efficiency was determined by quantifying the amount (in cpm) of trichloroacetic acid (TCA)-precipitable [␣- 32 P]dATP or [␣-32 P]dCTP (75) . Purified Xenopus geminin-DEL (a nondegradable form of geminin) protein was purified as described previously (53) and added at a final concentration of 80 nM to extracts as indicated.
Live cell imaging and photobleaching. A5-1 cells stably expressing GFP-PCNA were seeded on 25-mm-diameter coverslips. For imaging, coverslips were maintained at 37°C in live cell imaging chambers (Atto) in a water-jacketed stage incubator. Photobleaching was performed on a Zeiss LSM510 laser scanning confocal unit mounted on a Zeiss axiovert inverted microscope equipped with a C-Apochromat ϫ63 1.4 NA objective. A 2.9-by 2.9-m area of the nucleus was photobleached for the indicated lengths of time with 100% transmission of 488-nm light from an argon laser running at 6.25 W. For fluorescence recovery after photobleaching (FRAP) analysis, fluorescent intensity values of the bleached area and of a distal unbleached area of the nucleus of equal size were measured every 50 ms for the indicated lengths of time following photobleaching. These values were compared to produce a relative fluorescent intensity to normalize for prebleach intensity. The data presented were collected from 24 nuclei per condition from two independent experiments. BrdU incorporation and immunofluorescence microscopy. Bromodeoxyuridine (BrdU) incorporation and immunofluorescence microscopy were performed as described previously (33, 34) . BrdU labeling was carried out for 30 min (A5C1 cells), 8 h (MAFs), or 1 h (A2-4 cells) prior to formaldehyde fixation and immunodetection. A5C1 cells cultured in the absence of Dox for 24 h were fixed in 3.7% formaldehyde, permabilized with 0.3% Triton X-100 in phosphate-buffered saline, and immunostained with HA antibody. RB immunostaining was performed as previously described (3). Prior to MCM7 and PCNA staining (MAFs), cells were fixed in ice-cold methanol for 5 min. Extraction of soluble PCNA (A2-4, BL-1, U24-4, and A5C1) was performed as previously described (60) .
lines that inducibly express alleles of RB that are resistant to the robust CDK activity in S-phase cells. Specifically, we employed a phosphorylation-site mutant allele of RB (PSM-RB; amino acids 379 to 928), Rb⌬cdk (amino acids 1 to 928), and HA-tagged Rb⌬cdk (amino acids 1 to 928) alleles that potently induce cell cycle arrest (Fig. 1A) (15, 33, 39, 41) . These alleles vary in terms of the specific phosphorylation sites mutated, the species of origin, and the presence of an N-terminal domain. While the N terminus is dispensable for RB-mediated transcriptional repression and tumor suppression (78) , it has been speculated to contribute to the inhibition of replication through RB (64) . Thus, the comparison between PSM-RB and the other alleles enables determination of the functional role of the N terminus. Similarly, the PSM-RB and HA-Rb⌬cdk proteins are partially phosphorylated in cells, yet maintain the capacity to constitutively repress E2F activity (33, 39) . In contrast, the Rb⌬cdk allele is completely resistant to phosphorylation (15) . This distinction is important, since it has been postulated that low-level phosphorylation may be required to activate RB or alternatively that the partial phosphorylation of PSM-RB and HA-Rb⌬cdk could disrupt specific functions (20, 27) . As such, the comparison of the behavior between these alleles will enable us to assess the potential role of partial phosphorylation or the N terminus of RB in the control of DNA replication. As shown in Fig. 1B , we utilized rat fibroblast cell lines that express either PSM-RB (A2-4 cell line) or Rb⌬cdk (BL-1 cell line) upon removal of the tetracycline analog doxycycline (Dox) from the media (15, 60) . Similarly, accumulation of PSM-RB (U24-4 cell line) or HA-Rb⌬cdk (A5C1 cell line) was detected in human osteosarcoma (U2OS) cell lines (41) . As expected, expression of the CDK-refractory RB alleles prevented the progression of cells into G 2 /M as determined by both flow cytometry and BrdU incorporation ( Fig. 1C ) (data not shown). Thus, these cell lines represent appropriate models to study RB-mediated inhibition of S-phase progression. Active RB inhibits S phase by indirect mechanisms. Initially, we investigated whether RB acts in a manner consistent with direct interaction versus transcriptional repression to inhibit S-phase progression. RB has been demonstrated to interact with greater than 100 proteins (46) . While E2F transcription factors are considered the key targets of RB action in cell cycle control (19) , RB has also been demonstrated to directly interact with certain replication factors. Thus, direct interaction of active RB with MCM7, DNA polymerase ␣, or RFCp140 may contribute to the S-phase inhibitory function of RB (55, 64, 67) . Furthermore, evidence from Drosophila has suggested that RB/E2F complexes may exert influence on replication origin firing (10) . To address whether active RB alleles might directly inhibit DNA replication, we utilized an established in vitro replication system (75) . In the presence of Xenopus egg extract, the DNA synthesis that occurs is subject to in vivo cell cycle controls. In this assay, nuclei are prepared in a manner that protects the integrity of the nuclear envelope. These nuclei are then resuspended in Xenopus egg extract in the presence of radiolabeled dATP or dCTP and an energy regenerating system. The amount of DNA synthesis is determined by the incorporation of radiolabeled deoxyribonucleotide into TCAprecipitable material. As shown in Fig. 2A , nuclei from asynchronous or RB-arrested cultures were incubated in Xenopus egg extract and DNA replication efficiency was monitored. As a control, the presence of PSM-RB and the downregulation of protein levels of cyclin A (a major target of RB-mediated transcriptional repression) in the preparations of nuclei were verified by immunoblotting ( Fig. 2A, left panel) . Nuclei from A2-4 (middle panel) or BL-1 (right panel) cells were competent for replication irrespective of the presence of active RB alleles ( Fig. 2A) . In contrast, addition of the DNA polymerase inhibitor APH completely blocked replication ( Fig. 2A, right panel) . In order to confirm these observations specifically in S-phase cells, cultures were synchronized with APH prior to the induction of active RB (60) . Consistently, in vitro replication in nuclei from S-phase cells was not affected by the presence of active RB alleles (Fig. 2B ). These results demonstrate that RB-mediated arrest can be overcome by the supply of exogenous factors in vitro, indicating that the active RB alleles do not act in cis to inhibit replicative function. Importantly, the presence or absence of the N-terminal portion of the active RB alleles had no observable effect on replication efficiency. Thus, RB-arrested nuclei can be functionally complemented by the provision of Xenopus egg extract.
Interactions of RB with discrete nuclear regions has been the subject of ongoing controversy. For example, immunofluorescent detection of the interaction of RB with replication proteins (e.g., MCMs) or the presence of RB at replication foci has been a disputed issue (16, 32) . In order to examine the localization of active RB in arrested cells, we compared sites of BrdU incorporation in cycling cells and staining for HARb⌬cdk. In our hands, immunofluorescent detection of sites of BrdU incorporation in proliferating A5C1 cells revealed distinct patterns when compared to detection of the HA-Rb⌬cdk allele in arrested cells (Fig. 2C , right and left panels). Thus, the inhibitory RB allele does not localize to discrete foci that resemble active replication sites. In order to visualize the nuclear distribution of endogenous RB relative to replication factories, we exploited a GFP-tagged PCNA protein known to localize to sites of active DNA replication (37, 63) . In G 1 cells, GFP-PCNA is diffuse and endogenous RB shows a relatively punctate distribution throughout the nucleoplasm (Fig. 2D , top panel set). This result is consistent with the previously published distribution of endogenous RB (16) . In S-phase cells, GFP-PCNA is concentrated in subnuclear foci demarcating active sites of DNA replication (Fig. 2D , middle and bottom panel sets). High-resolution imaging of S-phase cells demonstrates that the endogenous RB does not colocalize with GFP-PCNA (Fig. 2D , right panel). Collectively, these experiments argue against a direct effect of active RB functioning in cis to inhibit S phase.
RB-mediated transcriptional repression of DNA replication machinery. The principal cellular target of RB is typically considered to be the E2F family of transcription factors (19, 26) . E2F proteins regulate the transcription of numerous genes required for S-phase and G 2 /M progression and a myriad of additional cellular processes (11, 29, 48, 76) . To address the possible role of transcriptional repression during the RB-induced DNA replication block, the levels of several potential target genes were assessed. Microarray data obtained from PSM-RB-inducible cell lines were analyzed to determine whether active RB signaling might deplete requisite DNA replication factors (43) . As illustrated in Fig. 3A , RNA levels of a large number of replication proteins were significantly repressed upon the induction of PSM-RB in both A2-4 and A5-1 cells. These results suggest that RB/E2F-mediated transcriptional repression might regulate preRC formation, initiation or elongation by limiting available protein levels. Since the majority of antibodies against replication components were more reactive with human proteins, we initially utilized the U2OS-based A5C1 and U24-4 cell lines. Surprisingly, assessment of total protein amounts of various preRC components (cdc6 and MCMs), an initiation factor (Dbf4), and elongation factors (RFC subunits p37 and p140, PCNA, and DNA polymerase ␦) revealed no significant attenuation (Fig. 3B) . In contrast, the expression of cyclin A is notably lost following 24 h of active RB induction. These findings suggested that transcriptional repression of replication components is not responsible for the rapid induction of cell cycle arrest.
Acute S-phase arrest by RB targets replication elongation factors. Due to the relatively rapid cessation of DNA synthesis following RB induction, we hypothesized that rather than targeting the expression of critical replication factors, their activity and/or function might be affected. To address this possibility, we next analyzed the stable chromatin association of specific candidate proteins during RB-mediated cell cycle arrest (18, 44, 53) . To ensure that chromatin association of these putative targets was dependent on cell cycle position and not artifactual, U24-4 cells were initially synchronized in G 2 /M by using nocodazole (53) (Fig. 4A , right and left panels). Cells accumulated with 4 N DNA content following nocodazole treatment (Fig. 4A, left panel) . In certain instances, protein modifications (as detected by mobility shift) could be detected in the total protein fraction (e.g., MCM2 and RPA34) but no substantial alterations in protein levels were observed (Fig. 4A , right panel). Examination of the chromatin-bound pellet fraction, however, revealed that G 2 /M synchronization led to dissociation of replication factors from chromatin, thereby validating the technique as a means to assess RB action on the replication fork (Fig. 4A, right panel) . To do so, we analyzed the presence of the same replication proteins in the chromatinbound fraction during RB-mediated arrest in both A5C1 and U24-4 cells (Fig. 4B) . Upon the detailed examination of potential targets, we observed that preRC components, initiation factors, and even the clamp loader complex, RFC, remained associated with chromatin in the presence of active RB. However, tethering of PCNA was specifically disrupted in both cell lines, indicating that PCNA is the focal point of RB action (60) . To verify that PCNA was a common target in RB signaling, we evaluated this event in different cell types harboring distinct RB alleles and in response to the activation of the endogenous RB. As shown in Fig. 4C , following 24 h of Dox removal, PCNA tethering was disrupted irrespective of the specific active RB allele or U2OS versus Rat-1 cells. These results combined with the preceding analyses strongly argue that all of the RB alleles utilized act in the same manner to inhibit DNA replication. The p16ink4a CDK inhibitor is known to elicit an RB-dependent cell cycle arrest (40, 61) . To study the action of p16ink4a, we utilized a recombinant adenovirus expressing human p16ink4a to trigger the dephosphorylation of endogenous RB and cell cycle arrest. Analyses of target gene expression 24 h postinfection indicated that p16ink4a, like the active RB alleles, failed to influence the protein levels of MCM7 or PCNA, yet dramatically attenuated the levels of cyclin A (Fig.  4D) . Additionally, PCNA chromatin tethering in the presence of adenoviral p16ink4a expression was similarly compromised (Fig. 4D) . Thus, activation of endogenous RB via p16ink4a disrupts PCNA activity and the effect of RB activation is common to all cells studied.
Together, these data argue that active RB functions to spe- cifically target PCNA and not earlier stages of replication. To determine if there was a functional action of RB on the preRC, we exploited the replication inhibitior geminin. The geminin protein binds to Cdt1 and inhibits the recruitment of nontethered MCM proteins to form the preRC (7). Therefore, resistance to recombinant nondegradable geminin (geminin-DEL) in an in vitro replication assay demonstrates that nuclei have functional preRC(s) (53) . Consistent with the chromatin tethering data indicating the presence of a preRC, the addition of recombinant geminin failed to inhibit in vitro replication of nuclei that had been arrested through the action of RB for 24 h. Thus, RB specifically inhibits PCNA activity while maintaining functional preRC(s). Action of RB on PCNA is dependent on transcriptional repression. To determine whether RB-mediated disruption of PCNA activity could be overcome by stimulating E2F activity, the ectopic expression of E2F2 was utilized. We have previously observed that overexpression of E2F2 effectively alleviates RB-mediated repression of an E2F reporter and endogenous targets, such as cyclin A (43) . As shown in Fig. 5A , mock-infected or GFP-infected A2-4 cells cultured in the absence of Dox for 24 h (ϪDox) failed to retain PCNA on chromatin when compared to mock-infected control (ϩDox). In contrast, the introduction of E2F2 via adenovirus infection stimulated an increase in chromatin-associated PCNA. In order to correlate the tethering of PCNA with S-phase progression, we next analyzed the ability of ectopic E2F2 expression to stimulate DNA synthesis (Fig. 5B) . The induction of PSM-RB expression potently inhibited S phase as determined by BrdU incorporation. As predicted, GFP-encoding adenovirus failed to rescue the DNA replication inhibition. In contrast, the introduction of E2F2 completely restored S-phase progression in cells expressing PSM-RB. Therefore, these studies indicate that an E2F-regulated event specifically targets PCNA loading. To delineate the specific role of E2F-mediated transcriptional repression in this event as opposed to sequestration of RB via the ectopically expressed E2F, we employed an allele of E2F-1 (E2F-DB) that lacks the RB binding domain and transcriptional activation domains (Fig. 5C ). This allele has been previously shown to disrupt RB-mediated transcriptional repression and cell cycle inhibition by displacing endogenous E2F assembled complexes from target promoters (57, 79) . Consistent with these prior data, we found that E2F-DB disrupted RB-mediated transcriptional repression in Rat-1 cells (not shown). Additionally, we found that the E2F-DB allele efficiently restored PCNA tethering in the presence of PSM-RB (Fig. 5D) . Therefore, these data indicate that RB/E2F-dependent transcriptional repression is responsible for attenuating PCNA activity.
Active RB disrupts focal accumulation of elongation factors. As the effect of RB on DNA replication factors had only been documented by indirect immunofluorescence or biochemical assay, we sought to directly monitor the regulation of these replication factors in living cells. In this manner, the effect of RB on replication protein dynamics could be observed. For this analysis, GFP-fusion proteins with genes encoding the RPA p34 subunit (RPA34), PCNA, and DNA ligase I were utilized. Each of these proteins has been extensively characterized, and their colocalization at foci of active DNA synthesis has been demonstrated (12, 37, 63) . Expression plasmids encoding the GFP fusions were stably integrated into a PSM-RB inducible cell line to examine their dynamic behavior. Initially, S-phase-synchronized cells were cultured in the presence or absence of Dox for 12 h, imaging was performed by fluorescence microscopy, and the percentage of cells with focal distribution of GFP fluorescence was determined (Fig. 6A) . Consistent with the results obtained by biochemical fractionation, GFP-RPA34 foci were observed in cells irrespective of PSM-RB expression, indicative of unperturbed association with chromatin ( Fig. 6A and B) . In contrast, GFP-PCNA appeared diffuse in the presence of active RB, indicating that PCNA is displaced from or prevented from associating with replication sites (Fig. 6A and B) . PCNA itself is responsible for the recruitment of additional accessory factors, such as DNA ligase I, to elongating replication forks (45) . Strikingly, the focal pattern of GFP-DNA ligase I observed in S-phase cells was also perturbed during RB-mediated arrest ( Fig. 6A and  B) . In order to determine the effect of active RB on the dynamics of these proteins, nuclear photobleaching experiments were performed. FRAP can be utilized to determine the immobile versus mobile fraction of a fluorescent protein (38) . GFP-PCNA-expressing cells indicated that the focal PCNA at active replication sites is relatively immobile (Fig. 6C, ϩDox) . In contrast, the diffuse distribution of GFP-PCNA observed in PSM-RB-expressing cells coincided with high mobility (Fig.  6C, ϪDox) . Together, these findings indicate that active RB blocks the stable recruitment of PCNA to replication forks, leading to freely diffusible PCNA, and additionally leads to the mobilization of DNA ligase I.
Chronic RB activation invokes replicative exit in S phase. Although the acute arrest program elicited by RB specifically targeted the chromatin binding activity of PCNA and down- stream factors, the significance of RB-mediated transcriptional repression of DNA replication factors had yet to be determined. To assess whether RB attenuated the protein levels of known E2F targets involved in DNA replication, kinetic analyses were performed following induction of active RB. As determined by flow cytometric analysis, cells entered but could not complete S phase after 96 h of Dox removal (Fig. 7A ). This observation was consistent with previous data demonstrating the failure of RB to impose a sustained G 1 arrest and with nonprocessive replication occurring in the presence of active RB (41, 60) . To investigate whether RB significantly attenuated critical DNA replication factors at these later time points, protein levels were analyzed by immunoblotting. Interestingly, the levels of all target proteins examined-MCMs, RPA34, DBF4, RFCp37, and RFCp140-were appreciably attenuated 72 to 96 h after active RB induction (Fig. 7B) (data not shown) . Similarly, when endogenous RB was activated through the expression of p16ink4a, we observed a delayed attenuation of MCM7 and PCNA expression (Fig. 7C) . Since the acute replication block could be overcome by the addition of Xenopus egg extract, we next sought to determine whether arrested nuclei at the 96-h time point could support DNA replication in vitro (Fig. 7D) . When nuclei from the chronic arrest state (ϪDox for 96 h) were incubated with egg extract, they were significantly impaired for DNA replication as compared to asynchronous controls or acutely arrested cells (ϪDox for 24 h). The ability of these nuclei to support replication in the absence of MCMs and other factors is likely due to compensation by the exogenous Xenopus proteins. To specifically probe the activity of endogenous preRC complexes, recombinant geminin-DEL was added to the reaction (Fig. 7E) . While geminin-DEL addition had a minimal effect on control (ϩDox), under the conditions of chronic arrest geminin-DEL addition further inhibited replication by an additional 40% (Fig. 7E) . Similar inhibition of replication was observed when geminin-DEL was expressed in chronically arrested cells (not shown). Thus, chronic activation of RB results in significant repression of critical replication factors and reduced replica- tive capacity, albeit with delayed kinetics relative to cyclin A expression and PCNA inhibition. Endogenous RB mediates both acute and chronic replication checkpoints. To further determine the action of endogenous RB in the induction of these kinetically distinct replication arrest states, we utilized MAFs with floxed Rb alleles (Rb loxP/loxP ) (42, 69) . Infection of isolated MAFs with adenovirus encoding GFP and Cre recombinase (GFP-Cre) resulted in excision of exon 19 of the Rb loxP allele, as shown by genomic PCR (Fig. 8A) . GFP infection served as a negative control (Fig. 8A) . Analyses of RB protein expression following GFPCre infection revealed a rapid loss of RB protein, which could be readily observed by immunoblotting (9; data not shown). Since it has been speculated that RB may localize differently in primary and immortal/tumor cells, we also analyzed RB localization via immunostaining (32) . As shown in Fig. 8B , we observed that RB exhibited a focal staining pattern throughout the nucleoplasm that was similar to that observed in U2OS cells. This staining was specifically lost in the Cre-infected cultures (Fig. 8B) . As a consequence of RB loss, deregulation of established RB/E2F targets was observed (Fig. 8C) . For example, relative levels of cyclin A and RNR R2 subunit (RNR-R2) increase upon loss of RB expression. To verify that RB was required to invoke an acute cell cycle arrest comparable to that observed in inducible systems, asynchronously proliferating control (GFP) or Rb knockout (GFP-Cre) cells were treated with 8 M cisplatin (CDDP) for 16 h. DNA damage induced by CDDP has been previously shown to activate endogenous RB, leading to the transcriptional repression of E2F-regulated target genes and ultimately cell cycle arrest (28, 35, 62) . The ability of CDDP-treated MAFs to traverse the cell cycle was monitored by BrdU incorporation (Fig. 8D) . While control cells exhibited an acute checkpoint response to CDDP treatment, RB-deficient cells continued to incorporate BrdU unchecked. To investigate the effects of CDDP on levels of replication proteins, GFP (control)-and Cre-infected MAFs were cultured following exposure to 8 M CDDP for the indicated time (Fig. 8E) . Consistent with acute arrest mediated by active RB alleles, protein levels of RB/E2F-regulated DNA replication factors (MCM7 and PCNA) were unchanged after 16 h. However, these proteins were not detectable 72 h post-CDDP treatment. This delayed response is RB-dependent, as no attenuation of MCM7 and PCNA was observed in the Cre-infected cells (Fig. 8E) . These data indicate that endogenous RB triggers both acute and chronic S-phase arrest programs in response to genotoxic stress.
Active RB-mediated arrest programs are reversible. To date, the majority of replicative exit pathways studied (e.g., hydroxyurea or DNA damage induced) represent terminal cell cycle end points akin to senescence (8, 59) . To determine whether the temporally distinct S-phase inhibitory mechanisms enacted by RB were permissive for the resumption of DNA replication, the reversibility of each arrest state was evaluated. Although this has not been previously determined, it could be envisioned that acute RB-mediated arrest represents a transient replication pausing mechanism to allow for the repair of These results agree with the idea that acute RB arrest did not irreversibly disrupt preRC assembly or replicative competence; rather, the progression of replicating forks was impeded.
Since chronic RB activation led to the dramatic attenuation of preRC components and elongation factors, we hypothesized that these cells might fail to reenter the cell cycle upon the attenuation of RB expression. Additionally, preRC assembly is normally inhibited in cells with S-phase DNA content (7) . As previously shown, cells cultured for 96 h in medium lacking Dox exhibit an S-phase DNA content (Fig. 7A) . At this point, Dox was added to the medium, thereby attenuating expression of the Tet-regulated RB allele (not shown). Alleviation of repression by RB resulted in the accumulation of target protein levels (Fig. 9B, left panel) . To determine whether the availability of replication factors was sufficient to enable cell cycle progression, cell cycle position was monitored by flow cytometry (Fig. 9B, right panel) . Surprisingly, these cells were able to resume S-phase progression following the derepression of RB/E2F targets. Furthermore, these cells exhibited no increase in DNA content above 4 N, suggesting that their genome was accurately duplicated and followed by a normal mitotic division. Long-term analyses of these cells indicated that cell cycle progression and proliferation ensued following the cessation of active RB signaling (data not shown).
Acute loss of endogenous RB permits S-phase progression after checkpoint induction. These observations suggested that RB-mediated transcriptional repression may be essential for maintaining an S-phase exit state. This possibility was addressed in the context of DNA damage-induced RB activation. To establish the requirement of endogenous RB for the prevention of aberrant S-phase reentry following DNA damage, we employed the protocol illustrated in Fig. 10A . Chronic RB activation by CDDP treatment was followed by GFP or GFPCre infection and cells were subsequently analyzed for protein expression and BrdU incorporation. As shown in Fig. 10B , immunofluorescent detection revealed that loss of RB led to derepression of MCM7, as compared to GFP-infected controls (Fig. 10B) . PCNA dererepression was similarly detected by immunofluorescence (not shown). These observations were further confirmed by immunoblotting for MCM2, MCM7, and PCNA (Fig. 10C) . These findings support the notion that RB is essential for long-term suppression of E2F targets, similar to senescence (50) . The deregulation of MCM and PCNA expression did not reveal whether the fibroblasts had resumed S phase. To directly determine the replicative capacity of these cells, BrdU incorporation was monitored following the adenoviral infection of chronically arrested MAFs. Importantly, the observed accumulation of MCM7 and PCNA coincided with DNA replication as monitored by BrdU incorporation in the RB knockout cells (Fig. 10D ). These data indicate that endog- enous RB is required to maintain S-phase arrest and prevent the replication of damaged DNA even following chronic exposure and the downregulation of replicative factors.
DISCUSSION
Understanding how RB suppresses proliferation and, conversely, how loss of RB deregulates cell cycle control is critical for elucidating the tumor suppressive functions of RB. Here, we demonstrate a role for RB in the mediation of two kinetically distinct S-phase inhibitory mechanisms. Both pathways lead to the inhibition of DNA synthesis differing only with regard to the status of the replication machinery-acute disruption of the elongation factor recruitment versus a more sustained attenuation of requisite factors. Importantly, the loss of RB compromises the appropriate replicative inhibition elicited by DNA damage and even enables those cells that have undergone replicative exit to resume cell cycle progression.
Recent studies have suggested that RB utilizes the direct association with components of the replication machinery to inhibit DNA synthesis. This mechanism was first supported by the finding that RB can interact with MCM7 through its Nterminal domain (64) . Subsequent data have suggested that RB and E2F can interact with replication foci (32) . Additionally, in Drosophila it has been documented that the influence of RB on replication control occurs through a nontranscriptional mechanism (10). Lastly, it has been recently shown that the RB protein can be detected at sites of replication initiation during the inhibition of replication following DNA damage (4) . Based on these studies, it would be predicted that RB could function in cis to inhibit DNA replication potentially dependent on the N terminus of RB (24, 25) . We failed to observe replicative inhibition by RB in in vitro replication assays with both Nterminal-truncated and full-length RB alleles, although these alleles clearly inhibited DNA replication in cell culture. This contrasts with the effect of direct inhibition of DNA synthesis as occurs through the use of APH or the addition of a Ran mutant incapable of hydrolyzing GTP (77) . These results indicate that the cellular inhibition of DNA replication does not involve a cis-acting effect of RB on the replication machinery. In keeping with a trans-acting effect of RB, we failed to detect a localization of RB with sites of replication. This was evident both with endogenous RB and with the active RB alleles. These results are consistent with a recent study demonstrating that RB does not colocalize with replication foci or MCM complexes in mammalian cells (16) .
In addition to direct effects on the replication machinery, it has been postulated that downregulation of E2F target genes represents the critical means through which RB impacts DNA replication (19, 26) . Specifically, microarray studies by numerous laboratories have documented MCMs, DNA polymerase subunits, and several other replication components as targets of E2F control (29, 48) . As such, it would be predicted that these targets are downregulated during RB-mediated arrest. However, we fail to observe downregulation of protein levels of any replication proteins concurrent with the rapid arrest induced by RB. Additionally, analysis of protein activities documented that multiple replication factors in the preRC and initiation complex were functional or chromatin tethered when cells are arrested by RB. These results indicate that RB does not preclude numerous steps associated with replication but does specifically perturb the activity of PCNA. We have previously found that PCNA is a target of active RB signaling through cyclin A (60) but further define that the effect of RB is highly specific to the loading of PCNA and does not affect RFC directly upstream of PCNA. These results suggest that the retention of replication factors during a short-term response to RB serves a purpose. One of the physiological signals known to induce RB-dependent S-phase inhibition is DNA damage (28, 35) . The continued presence of RPA and PCNA would be required for the repair of genetic lesions prior to S-phase completion (56, 74) . Consistent with this prediction, we observed the relocalization of GFP-RPA34 and GFP-PCNA to sites of CDDP-induced damage in living cells arrested by RB (not shown) (60) . Since PCNA represents a later stage in the replication process, the RB-mediated replication pause could be readily reversed following the repair of damage. In fact, the specific disruption of replication complexes by RB may represent a means to free PCNA from replicative roles to repair.
The results observed with the rapid response to RB activation questions the involvement of E2F/RB-mediated control of replication factors. Based on recent work in Drosophila, it is clear that levels of MCM proteins play critical roles in the regulation of replication by the E2F/RB signaling axis (13) . We find that RB does, in fact, target the expression of a large number of replication factors at the protein level, but this occurs with delayed kinetics. Such a finding is consistent with the relatively long half-life that has been documented for MCM3 (49) . Under the conditions of chronic RB-mediated arrest, cells arrest with an S-phase DNA content but lack the expression of replication factors as is typically only observed in quiescent cells. This molecular state is obviously not common in cell cycle control but has been observed following prolonged replication arrest and, as we show here, occurs in cells with severely damaged DNA. In addition, the existence of analogous kinetically distinct arrest states mediated by RB has been recently demonstrated in the context of the G 2 /M checkpoint (21) . In quiescent cells, resynthesis and assembly of preRC complexes are believed to allow for the subsequent entry into the cell cycle (66) . However, those cells chronically arrested with hydroxyurea fail to reenter the cycle, and the prolonged replicative block following DNA damage has been associated with an irreversible senescence program (8) . As such, this suggests that temporally delayed block elicited by RB represents a means to permanently retreat from the cell cycle and prevent replication from occurring following catastrophic DNA damage or other replicative insults.
The action of RB in mediating long-term replicative exit has clear physiological relevance. Severe DNA damage leads to blocks in replication to prevent mutations, and this program can induce a senescence-like state (59) . Consistent with chronic RB activation playing a similar role, RB-arrested cells exhibit a senescent morphology and stain positively for senescence-associated ␤-galactosidase (1; Williams et al., submitted for publication). In the case of CDDP damage and RB-mediated arrest, cells are present in S phase concurrent with the exit from the cell cycle and the downregulation of replication factors. What happens to replication structures or forks under these conditions is unknown, but both long-term CDDP dam-5418 ANGUS ET AL. MOL. CELL. BIOL.
age and PSM-RB-mediated arrests are reversible following the attenuation of RB activity. This finding demonstrates that replicative exit programs are not necessarily irreversible but are dependent on RB for their maintenance. RB clearly controls the expression of multiple replication factors, and when this control is lost, the factors are resynthesized. Importantly, they are not only synthesized but function to mediate DNA replication. How these factors assemble and position the replication machinery to prevent rereplication under these conditions is not clear and the subject of ongoing study. Irrespective, these results indicate that RB plays a critical role in the maintenance of cell cycle exit and that loss of RB represents a critical means through which arrested cells can reenter the cell cycle.
